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Plasticity models invoke the synaptic delivery of AMPARs, yet we know little about how receptors move
in vivo. In this issue of Neuron, Hoerndli et al. (2013) show that lateral diffusion and kinesin-mediated
transport move AMPARs between synapses in vivo.Excitatory synaptic transmission between
neurons is typically mediated by the
neurotransmitter glutamate, which can
bind to glutamate-gated ionotropic re-
ceptors and trigger membrane depolari-
zation (Dingledine et al., 1999). There are
multiple types of glutamate receptors,
but members of the AMPA subtype
(AMPARs) are of particular interest
because they act postsynaptically to
mediate much of the fast excitatory trans-
mission at central synapses. AMPARs are
tetrameric ion channels composed of
different combinations of four subunits
(GluA1, GluA2, GluA3, and GluA4).
The specific subunit composition of an
AMPAR ion channel can determine multi-
ple properties of that channel, including
its ion selectivity, its rectification, and its
ability to associate with cytoplasmic scaf-
folding and signaling molecules.
In the last decade, a consensus has
grown around the hypothesis that AMPAR
postsynaptic accumulation—regulated
by neuronal activity—plays a fundamental
role in synaptic plasticity, including long-
term potentiation, long-term depression,
and multiple forms of homeostatic plas-
ticity (Huganir and Nicoll, 2013). This
hypothesis suggests that the effective
weight of a given synapse is a function
of the amount of AMPARs present on
the postsynaptic face of that synapse.
This, in turn, is determined by the number
of AMPARs available to the synapse, the
number of slots (e.g., postsynaptic
scaffolding molecules) that anchor
AMPARs at the synapse, and the affinity
of AMPARs for those slots. While we
know that synaptic AMPARs are dynamic,
the precise mechanisms that regulate
AMPAR postsynaptic abundance remain
open to debate. Prior studies in culturedneurons indicated that membrane
trafficking of AMPARs plays a major role
in regulating AMPAR postsynaptic abun-
dance (Hayashi et al., 2000). More recent
findings have suggested that AMPARs
can laterally diffuse in and out of the post-
synaptic membrane from extrasynaptic
pools in an activity-dependent manner
(Opazo and Choquet, 2011). Various
auxiliary subunits interact with AMPARs
and affect not only channel function but
also AMPAR synaptic abundance (Straub
and Tomita, 2012). Finally, a debate rages
regarding the role (or not) of specific
AMPAR subunits in activity-dependent
delivery and retention of AMPARs at the
synapse (Granger et al., 2013; Sheng
et al., 2013). Many of these foundational
findings come from observations of
cultured neurons (either disassociated or
slice culture). It remains quite possible
that the conditions for inducing synaptic
plasticity in vitro in many experimental
preparations are not equivalent to what
occurs at synapses in vivo. Just because
AMPARs can be driven in and out of syn-
apses does not necessarily mean that
they are driven in and out synapses.
In this issue of Neuron, Hoerndli et al.
(2013) use a combination of live imaging
techniques, electrophysiology, behavioral
analysis, and C. elegans genetics to
examine how AMPARs actively move
around neurons and synapses in vivo.
C. elegans possess two clear AMPAR-
like subunits, GLR-1 and GLR-2 (Brockie
andMaricq, 2006). These subunits are ex-
pressed in a circuit of neurons that regu-
late the forward and backward locomo-
tion of the nematode and act collectively
as an integration site for multiple sensory
inputs. Mutants that lack AMPAR function
or synaptic localization have deficits inNeuron 80, Demechanosensation and locomotion re-
versal behaviors. Using GFP-tagged sub-
units, AMPARs can be found at synaptic
sites in the nematode, with these sites of
clustered receptors appearing as fluores-
cent puncta along unipolar fibers that
extend from each neuron soma and run
along the ventral midline (the ventral
cord) of the animal (Rongo et al., 1998).
To examine the live movement of
AMPARs, Hoerndli et al. (2013) used a
cell-specific promoter to express a GFP-
tagged GLR-1 subunit in a single neuron
called AVA, resulting in chimeric recep-
tors clustered at synaptic puncta along
its ventral cord neurite. To visualize recep-
tor transport, Hoerndli et al. (2013) photo-
bleached a short region of the ventral cord
and watched GFP-tagged vesicles tra-
verse the photobleached region, moving
bidirectionally with occasional pauses.
Interestingly, these pausing events
typically occurred at the synaptic sites
(visualized and marked prior to photo-
bleaching), suggesting directed synaptic
delivery. To determine whether these
pauses resulted in the delivery of synaptic
AMPARs, Hoerndli et al. (2013) generated
a GLR-1 subunit containing a dual tag of
an extracellular superecliptic pHluorin
(SEP), which is quenched in acidic endo-
somes and fluoresces upon surface expo-
sure, and an mCherry, which marks the
subunit throughout the delivery process.
Using this transgenic reagent, Hoerndli
et al. (2013) observed GLR-1-containing
vesicles pausing at synaptic sites, with
about half of these pauses resulting in
the fusion and delivery of their AMPAR
cargo on the postsynaptic membrane.
Using photoactivatable and photoconver-
tible tags, Hoerndli et al. (2013) also found
that AMPARs could move from onecember 18, 2013 ª2013 Elsevier Inc. 1339
Figure 1. Schematic Illustrating How UNC-116/KIF5 Transports
AMPARs between Synapses
C. elegans neurons form connections en passant and lack spines. The
cartoons show a neuron cell body (left) and two synaptic inputs along its
ventral cord neurite, with proximal and distal running from left to right.
(A) GLR-1-containing AMPARs (red channels) are synthesized in the neuron
cell body and delivered to the overlying plasma membrane by the KLP-4
kinesin. Cell body AMPARs can laterally diffuse into proximal synapses, where
they are captured. Proximal AMPARs can be endocytosed and redelivered to
more distal synapses by the UNC-116/KIF5 kinesin.
(B) In unc-116mutants, GLR-1-containing AMPARs can still diffuse into prox-
imal synapses but cannot be redelivered to more distal synapses, resulting in
their proximal accumulation. By contrast, GLR-2-containing AMPARs are
shunted to lysosomes for degradation.
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directions, suggesting that
AMPARs can redistribute
after initial delivery. Thus,
AMPARs are not just targeted
to single synapses but tour
multiple synapses during their
lifetime in vivo. Determining
what triggers the pauses and
influences whether or not an
AMPAR cargo is deposited is
going to be a fascinating
future question.
Using a candidate gene
approach, Hoerndli et al.
(2013) were able to identify
UNC-116, a C. elegans ortho-
log of KIF5, as the kinesin
motor responsible for GLR-1
transport on mixed polarity
microtubules along the vent-
ral cord. Loss of UNC-116
activity resulted in the loss of
both anterograde and retro-
grade mobile vesicles. How-
ever, GLR-1 still accumulated
at synapses; indeed, synaptic
GLR-1 surface levels in unc-
116 mutants were elevated
relative to that of wild-type.
This finding, which Hoerndli
et al. (2013) validated with
the SEP-tagged GLR-1 trans-
gene, suggested two surpris-ing conclusions (Figure 1). First, that
GLR-1 receptors can accumulate at syn-
aptic sites proximal to the cell body
without the need of vesicular transport
and thus most likely through lateral diffu-
sion in the membrane from their site of
synthesis in the cell body (although it
remains a formal possibility that GLR-1
receptors are reaching these synapses
on smaller mobile vesicles that are below
the level of detection). This initial delivery
of nascent GLR-1 to the cell body mem-
brane requires a different kinesin motor,
KLP-4 (Monteiro et al., 2012). Second,
that the UNC-116 kinesin motor is not
essential for AMPAR delivery to proximal
synapses but instead mediates AMPAR
synaptic removal and redistribution to
other synapses, including more distal
ones, after AMPARs have initially diffused
into proximal ones.
Given that GLR-1 surface levels were
elevated in unc-116 mutants, one would
predict that glutamate-gated currents in1340 Neuron 80, December 18, 2013 ª2013the AVA neuron would be elevated when
recorded under voltage clamp. Surpris-
ingly, such currents were depressed in
these mutants. How could there be more
synaptic surfaceGLR-1 yet less glutamate
receptor functional output? The answer to
this paradox required an examination of
the complete complex of proteins
involved in AMPAR function, including
the GLR-2 subunit and the auxiliary pro-
teins SOL-1, SOL-2, and the C. elegans
TARP STG-2 (Wang et al., 2008). While
there were elevated levels of SOL-1,
SOL-2, and STG-2 at synapses of unc-
116mutants, theGLR-2 subunit appeared
to be shunted to the lysosome for degra-
dation in the absence of UNC-116
function. Indeed, overexpression of the
GLR-2 subunit and auxiliary proteins in
unc-116 mutants resulted in the elevated
currents expected given the high surface
levels of GLR-1 in these mutants.
This last finding raises an interesting
question: why do the two AMPAR sub-Elsevier Inc.units have different fates—
GLR-1 accumulating at prox-
imal synapses while GLR-2
is being shunted to lyso-
somes—when UNC-116-
mediated transport is im-
paired? C. elegans AMPARs
are comprised of GLR-1
homomeric channels and
GLR-1/GLR-2 heteromeric
channels. Perhaps GLR-1
homomers can reach synap-
ses by diffusion, whereas
GLR-1/GLR-2 heteromers
require active transport by
UNC-116? In the absence of
UNC-116 activity, abandoned
GLR-2-containing hetero-
mers would end up in lyso-
somes, whereas GLR-1-con-
taining homomers would
reach proximal synapses un-
fazed. In this model, UNC-
116 might prefer GLR-2-con-
taining heteromers as cargo
such that heteromers would
be enriched at distal synap-
ses, whereas GLR-1 homo-
mers would be enriched
at proximal synapses. Con-
sistent with this idea, the
small GTPase RAB-6.2 was
recently shown to promote
the retrograde transport ofGLR-1 but not GLR-2 (Zhang et al.,
2012). Regardless, the findings here
would highlight that subunit composition
does matter in vivo for AMPAR transport
and synaptic accumulation.
One of the interesting implications from
this paper is that kinesins are needed for
AMPAR endocytosis. It is hard to imagine
a model in which kinesins have a direct
role in endocytosis—the actin cytoskel-
eton is the usual culprit when it comes to
motor-driven endocytosis. Perhaps the
effect of losing the UNC-116 kinesin on
GLR-1 endocytosis is indirect? For
example, UNC-116 might be needed to
deliver one or more key components of
the endocytosis machinery out to synap-
ses. GLR-2 is not essential for GLR-1
endocytosis, suggesting that the accu-
mulation of GLR-1 in unc-116 mutants is
unlikely to be a secondary effect of GLR-
2 turnover in these mutants. Perhaps the
simplest explanation is that the excess
GLR-1 that accumulates at proximal
Neuron
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represent the population of receptors
originally destined for distal synapses
and that the proximal synapses have
more than enough slots to accommodate
these bottlenecked receptors. This is an
interesting point, as dendrites rely on pas-
sive propagation of potentials, which
means the farther out on the dendrite,
the less impact a synapse might have on
triggering an axon potential at the cell
body. Some arguments have been made
for distance-dependent scaling of
AMPARs, with distal synapses having
larger surface levels of AMPARs com-
pared to proximal synapses, as a
mechanism by which neurons compen-
sate for the passive decay of signals
from distal dendrites (Shipman et al.,
2013). Regulated motor delivery between
populations of proximal and distal synap-ses would provide an interesting
mechanism for such distance-dependent
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FOXP2 mutations cause a monogenic speech disorder in humans. In this issue of Neuron, Murugan et al.
(2013) show that knockdown of FoxP2 in the songbird basal ganglia causes abnormal vocal variability and
excess bursting in a frontal cortical nucleus.Say the Word ‘‘Variability’’ Out Loud
to Yourself Three Times
If you are like most adults, you just effort-
lessly moved your larynx, tongue, and
lips in a coordinated fashion with milli-
second timescale precision. But humans
with mutations in a single gene, FOXP2,
have severe articulation difficulties,
including slurred and pathologically vari-
able speech, as well as linguistic and
grammatical impairment. The monogenic
nature of these deficits, together with
evidence that the FOXP2 gene underwent
intense selection pressures during a
period of recent human evolution coinci-
dent with the emergence of language,suggest an exciting entry point into under-
standing the genetic and neural basis of
a complex, learned, and uniquely human
behavior.
The FOXP2 gene was discovered by
analyzing a multigenerational pedigree
(the KE family) in which almost half of
the members carried a mutated version
of the gene and presented with speech
and language pathology (Lai et al.,
2001). FOXP2 encodes an evolutionarily
conserved transcription factor expressed
in widespread brain regions associated
with speech and motor control including
cortex, striatum, thalamus, and cere-
bellum. These same brain regions areabnormally small in afflicted members of
the KE family (reviewed in Enard, 2011).
While testing the functions of the gene in
humans poses obvious challenges, two
experimental strategies in mice have
begun to provide insights. A first approach
has been to knock down FoxP2. Mouse
pups with homozygous disruptions of
FoxP2 exhibit severe motor impairment
and do not survive beyond 4 weeks after
birth. Heterozygous FoxP2-disrupted
mice survive but exhibit impaired motor
learning on running wheels and accel-
erating rotarods and exhibit slightly
increased exploration. A variety of abnor-
malities observed at the cellular levelcember 18, 2013 ª2013 Elsevier Inc. 1341
